Particle image velocimetry is used to not only measure oil flow velocity but also to reveal oil reversal flow and recirculation phenomena within radial cooling ducts of disc type transformer windings.
Introduction
Aging of insulating paper in power transformers depends on operating temperatures. Oil-immersed disc type winding power transformers are cooled using insulation oil that flows through radial and axial cooling ducts. The cooling performance of the winding determines substantially the hot-spot temperature, which is essential for estimating the life expectancy of a transformer insulation system. The oil is either pumped through the winding or allowed to flow naturally due to thermosyphon pressure and natural convection. The winding geometries influence the flow distribution of transformer oil within the winding. The thermal design of power transformers is mainly based on past experiences and the use of simulation models such as thermal hydraulic networks models [1] - [4] and, more recently, computational fluid dynamics-based models [5] , [6] . These models are used to predict temperature distribution within the winding under different geometrical and operational conditions. Experimental verifications of the developed models are always desired. Recently, dimensional analysis was applied to highlight the influential parameters that affect the oil flow distribution in and pressure loss over a disc type transformer winding [7] , [8] .
In a transformer, the temperature is affected by both the power loss distribution and the oil flow distribution. The temperature in a transformer can be measured using fiber optic temperature sensors at predetermined locations where the hot-spot temperature is expected. However, recording the oil flow distribution within a transformer remains challenging. Therefore, small-scale experimental test setups are commonly established to verify simulation-based models. In the literature, some experimental studies were reported in which flow rates were measured using techniques such as hot wire anemometry [9] , laser Doppler velocimetry [10] , [11] , and tracking of tracer particles [12] , which is a basic form of the particle image velocimetry (PIV) technique.
In this article, a thermal test setup is introduced that allows for the investigation of temperature and flow distributions in a disc type winding model. A PIV technique is used to record and characterize oil flow rates and distribution within cooling ducts of the winding model. Phenomena such as oil recirculation at duct entrances and reversed oil flow are captured. A 3D characterization of oil flow in the cooling duct is carried out. Finally, demonstration examples of both temperature and oil flow distributions under oil directed (OD) and oil natural (ON) cooling modes are given.
Thermal Test Setup
A thermal test setup used to experimentally study transformer thermal behavior is shown in Figure 1 . It consists of a disc type winding model, a pump, an external flow meter, and a radiator. The winding model consists of three passes, and each pass contains 10 disc segments (plates). The top view of the disc segments is simplified into a rectangular shape for easy manufacturing. Pass 3 plates are numbered from plate 1 to plate 10 from bottom to top of the pass as shown in Figure 1(b) . Each plate is heated using two heating elements, and power injection is controlled by variable-voltage transformers. Thermocouples are used to measure the temperature of each plate, and a multichannel thermometer is implemented to provide a total of 64 channels for recording plates and oil temperatures. PIV is used to measure oil flow rates in the pass 3 cooling ducts. Pass 3 ducts are numbered from duct 1 to duct 11 from bottom to top of the pass as shown in Figure 1(b) . The construction of the thermal test setup was discussed in detail in [13] .
Particle Image Velocimetry laser optics, a camera, seeding particles, acquisition software, and a synchronizer to synchronize the operation of different PIV components.
The operational procedure of the PIV system used in this work is given as follows: first, seeding particles are added to the flow. Silver-coated hollow glass spheres with a diameter range from 9 to 14 μm were added to the transformer oil. Second, through the acquisition software, the synchronizer sends synchronized control pulses to both the laser and the camera. The camera should be placed perpendicular to the laser sheet plane. Third, the camera opens its frame to capture any reflected laser by the seeding particles and then the laser source fires the first laser pulse, Pulse A. The laser pulse passes through the laser sheet optics to become a laser sheet, which illuminates the seeding particles in the flow. The camera captures the first image, called Frame A. Fourth, after a specified time delay Δt, the second laser pulse, Pulse B, is fired and the camera captures the second image, called Frame B. During the time delay Δt, the seeding particles would have moved from their initial position in Frame A to a new position in Frame B. Using the time delay Δt and the position displacement of the seeding particles, from Frame A to Frame B, the velocity profile within cooling ducts can be calculated. Finally, the software divides the raw images into small interrogation areas and processes them to infer the velocity profile. Interrogation areas are usually squares or rectangular with 32 × 32 pixels or 32 × 64 pixels. The selection of the interrogation area size depends on the flow pattern and seeding density.
The key to obtaining reliable PIV data is to obtain goodquality raw images, which depends on the density and the distribution uniformity of seeding particles within the oil flow. A proper seeding density can only be achieved through references and trials. Three main recommendations are reported in [14] for obtaining good and reliable raw images. First, there should be from 5 to 15 seeding particles in each interrogation area. Second, a seeding particle should occupy from 3 to 5 pixels in the captured image. Third, seeding particles displacement should not exceed 25% of the interrogation window length. The software used in the PIV system tracks the movement of seeding particles in the captured pair of images, Frame A and Frame B, through statistical means to find the most likely displacement of a group of particles.
Results and Discussions

Measurement of Oil Velocity
Calibration of the raw images is necessary for deriving the oil velocity. The raw images can be calibrated using a target with known dimensions. The camera is zoomed and focused on the target. Calibration images are then taken and used to convert captured image pixels into actual distance (in meter). In this work, the known heights of the winding model plates and radial cooling ducts are used as a calibration target. Two types of measurements are compared: the camera field of view of the first type is focused on one radial cooling duct, called one-duct measurement, and the camera field of view of the second type is focused on two radial cooling ducts, called two-duct measurement. Figure 3 shows the comparison between one-duct measurement and two-duct measurement. In the one-duct measurement, the camera is focused on only one duct; hence, the measured velocity profile has higher resolution. However, the calibration distance is smaller as only one duct height is used as the calibration distance, which in turn induces a relatively larger calibration error. Nonetheless, the one-duct measurement enables measurement of velocity data near duct edges and hence capturing a more-complete parabolic profile. In the two-duct measurement, lower resolution of each duct velocity profile is obtained. In this case, the reflected laser by seeding particles near the duct walls might not reach the camera due to the field of view of the camera setup. Nonetheless, the large distance between two ducts is used as the calibration distance and so produces a relatively smaller calibration error compared with the one-duct measurement. Under both measurement types, the maximum duct velocity (V max ) is captured accurately, given that image calibration is reliable and accurate. The velocity profile is a laminar profile, and it can be characterized by V max . Figure 3 shows an example of each measurement type. Both measurement types were performed on duct 7 under the same testing conditions of 0.2 m/s winding model average inlet velocity (V in ). The maximum duct velocity for the one-duct measurement is 0.077 m/s, and the maximum duct velocity for the two-duct measurement is 0.074 m/s. In this work, the two-duct measurement is used, and V max was extracted from processed PIV images. Hence, the laminar profile is a parabolic profile; the average duct velocity (V av ) can be related to V max using V av = (V max /1.5). The field of view of the two-duct measurement is raised up duct by duct so that the velocity profile in ducts 2 to 10 is measured twice.
Observations of Oil Recirculation and Reverse Flow Phenomena Under OD Cooling Modes
Oil Recirculation: At duct entrances, the existence of oil recirculation was reported and observed using computational fluid dynamics simulations [15] , [16] . Oil recirculation is a contributing factor to the so-called minor pressure losses within the transformer winding, and as mentioned in [15] , [16] , it influences the flow distribution. The PIV system in the present thermal test setup can be used to observe the possible oil recirculation at radial cooling duct entrance. As an example, Figure  4 shows velocity fields at the entrance of two radial cooling ducts, duct 6 and duct 7, under V in = 0.27 m/s and inlet oil temperature of 70°C. It is shown that oil recirculation occurred at the duct entrance, highlighted by the red arrows on Figure  4 . It was observed under conducted tests that oil recirculation is more apparent under the OD cooling mode compared with the ON cooling mode. It is observed that higher inlet velocity or higher inlet oil temperature leads to larger oil recirculation zones at duct entrances.
Oil Reverse Flow:
In OD disc type transformers, blocking washers, demonstrated in Figure 1 , are used to direct the oil flow into a zigzag fashion and the flow is assumed to be in the same direction in a pass. However, it was reported that the flow in the pass bottom radial cooling ducts might reverse its direction under certain operational and geometrical conditions [7] and [12] , due to oil recirculation at duct entrances [16] . This could happen especially at higher inlet flow rates or higher inlet oil temperatures and under higher numbers of discs per pass [12] . Using the PIV system in the present thermal test setup, oil reverse flow is also observed. An example is shown in Figure 5 under V in = 0.27 m/s and inlet oil temperature of 70°C. Duct 1 and duct 2 velocity profiles are plotted at the indicated profile line shown in Figure 5 . It is clear that oil flow reversed its direction in duct 1. Oil reverse flow might cause overheating of discs, especially if oil stagnations occur in a duct due to reverse flow in the pass. 
Characterization of Oil Flow in Three Dimensions (3D)
Oil flow within the radial cooling ducts is often assumed as a 2D flow for simplification. However, due to the spacers between the winding discs, the oil radial flow might not be a perfect 2D flow, and a Z-component, defined in Figure 6 , would exist within some ducts. This especially applies at duct entrances when operating at high Reynolds numbers.
The Z-component makes the ability to record a representative average velocity of the cooling duct challenging. To inves- tigate the Z-component, measurements are conducted at 9 different locations within duct 2 and duct 3 of the winding model. As shown in Figure 6 (b), three locations are defined for the laser beam named as A, B, and C, and three locations are defined for the camera field of view named as Entrance, Middle, and Exit of the cooling duct. To refer to each location, the camera position is tagged with the laser position (i.e., Entrance_A refers to camera position Entrance and laser position A). Two examples of measurements are conducted and discussed as follows. the difference between the recorded V max of positions Exit_A and Exit_C is only 0.003 m/s, and for duct 3 the difference between Exit_A and Exit_C is 0.014 m/s. Compared with case 1, the Z-component is more apparent. This indicates that higher inlet velocity and higher inlet oil temperature cause a stronger Z-component to be developed. While using a PIV system or a point-based flow measurement technique, such as hot wire anemometry or laser Doppler velocimetry, it is important to take the 3D effect into considerations. Overall, it is observed that the Z-component is more apparent in the top-most and in the bottom-most cooling ducts of a pass. The Z-component is partly caused by geometrical imperfections of the winding model; however, the Z-component may as well be intrinsic in top-most and bottom-most cooling ducts due to washers that force the oil to divert. More investigations are needed to characterize the Z-component.
Examples of Temperature and Flow Distributions Under OD and ON Cooling Modes
The fundamental difference between OD and ON cooling modes is that in OD cooling mode, an external pump is the prominent force driving the oil flow, whereas in ON cooling mode, the thermosyphon force caused by oil temperature differences is the prominent force driving the oil flow. Using the present thermal test setup, extensive studies can be conducted to characterize both cooling modes through oil flow and temperature measurements under a wide range of operational and geometrical conditions. An example for each cooling mode is given by measuring the temperature and flow distribution in the third pass of the winding model. Figure 9 shows the temperature profile and oil flow distribution under OD cooling mode with V in,meter recorded by external flow meter, fixed to 0.2 m/s, which is equivalent to 12 L/minute, and uniform power loss equivalent to 2,010 W/m 2 , or 50 W/plate. As shown in Figure  1 , the hydraulic system consists of a centrifugal pump to drive the flow, with an external throttling valve to control the inlet flow rate. Inlet oil temperature, T in , and outlet oil temperature, T out , are recorded using thermocouples. V in can be calculated as well from the PIV measurements in all ducts (V in,PIV ). For the conducted case, V in,PIV = 0.23 m/s, which is slightly higher than the recorded V in,meter . The discrepancies between V in,PIV and V in,meter are partly caused by the accumulative error from PIV measurements in each cooling duct. Also, the Z-component, mentioned earlier, causes more deviations in the top-most and bottom-most cooling ducts. Under OD cooling mode, more oil flows in top cooling ducts in a pass, which enhances the cooling of individual plates top of the pass as can be seen by the temperature profile. Higher inlet velocity causes more distorted flow distribution, which may lead to oil flow stagnation or oil reverse flow in duct 1 as demonstrated earlier and discussed in [7] . Figure 10 shows temperature distribution and oil flow distribution at low oil velocities representative for ON cooling mode with V in fixed to 0.021 m/s and uniform loss injection equivalent to 1,200 W/m 2 or 30 W/ plate. Under ON cooling mode, more oil flows in bottom cooling ducts of the pass, which, in effect, reduces the temperature of pass bottom plates. Under ON cooling mode, oil flow distribution has an opposite shape compared with OD cooling mode. The hot-spot temperature is located toward the top of the . Under OD mode, there is more oil flow in pass top cooling ducts, and the hot-spot temperature is located in the pass bottom plate. T in = inlet oil temperature; T out = outlet oil temperature.
OD Cooling Mode Example:
ON Cooling Mode Example:
pass under ON conditions, whereas under OD conditions, the hot-spot temperature is located toward the bottom of the pass. In both cooling modes, oil stagnation could occur; however, location-wise, it is either in the top cooling ducts under ON mode or in bottom cooling ducts under OD cooling mode.
Conclusions
In this article, a disc type transformer winding model-based thermal test setup was introduced. A PIV system was used to record oil flow rates within radial cooling ducts. The established thermal test setup allows extensive studies on both OD and ON cooling modes under a wide range of winding model geometries and operating conditions. Operating conditions can be the winding inlet velocity, winding inlet temperature, uniform or nonuniform loss injection, and finally, different types of transformer insulating liquids. Geometrical conditions can be different radial cooling duct heights, different axial cooling duct widths, and various arrangements of the number of discs per pass.
The PIV technique proved to be a powerful tool to study transformer thermal behavior. The technique can be used under both isothermal and nonisothermal conditions, allowing the detailed study of flow distributions under both OD and ON cooling modes. Phenomena such as oil recirculation at duct entrances and the occurrence of oil reverse flow were documented. A 3D flow in cooling ducts was observed at high inlet oil velocities and inlet oil temperatures. The 3D flow was more apparent in top-most and bottom-most cooling ducts in a pass and only under OD cooling modes. It was observed that the 3D flow subsides down toward the exit of the cooling duct. Further investigations are needed to identify and characterize the causes of the 3D flow.
Examples of OD and ON cooling modes using the test setup were provided. Under OD cooling conditions, more oil flows in top cooling ducts of the pass, causing the hot-spot temperature to be located toward bottom discs of the pass. Under ON cooling mode, less oil flows in top cooling ducts of a pass, causing the hot-spot temperature to be located toward the top plates of the pass. Materials Ltd., UK. His research interests involve condition monitoring of power system assets, transformer thermal modelling, thermofluids, and cooling applications.
